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PREFACE

With the recent increase in technological needs and the interest in
the power conditioning arena, one of the problems facing workers in the
field is the lack of texts or notes describing recent progress, particu-
larly in the area of repetitive power conditioning. For this reason and
because of expanding internal requirements, the University of New Mexico
(UNM) and the Los Alamos Scientific Laboratory (LASL) have created a set
of lecture notes pased upon the graduate course taught recently at UNM,
The objective of these notes is to create a record of many of the ad-
vances in the field since the last text in the field was published just
after World War II., In this context, the lectures presented are ori-
ented toward an introductiorn of the reader to each of the areas de-
scribed and present sufficient background information to -xplain many of
these advainces. They are not intended to serve as design engineering
notes, and thus the reader is referred to the references at the end of
each lecture for cdetailad technical information 1n specific areas.

The preparation of these writings is a result of a considerable
teamwork effort on “he part of LASL and Sandia staff., In particular,
Cathy Correll, 1in conjunction with Jo Ann Barnes and the rest of her
efficient word processing staff, carried the major responsibility for
preparation of the lectures while the lecturers did the proofreading and
revisions. As course coordinator, it f¢ a pleasure to acknowledge the
strong support of Ray Gore, our E-Division Leader, and Shyam Gurbaxani
who is the UNM Graduate Center Director, Lcs Alamos Campus.
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W. J. Sarjeant

Los Alamos Scientific Laboratory
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Lecture 1
An Introduction to Power Conditioning Systems
by
W. J. Sarjeant

1. Scope of the Course

The purpose of the course is to present an overview of the power
conditioning aspects of energy transfer systems. The objective, then,
is to develop an understanding and appreciation of the physical
processes that govern the performance of these systems, including the
role of such elements as switches, capacitors, inductors, and
resistors. Secondly, to discuss where are the sources of information
once a problem area has been identified? A major effort in thic course
will be to transfer this information in key areas to you as hand-outs.
A1l the information will be current and state-of-the-art, and directed
toward these pulse components, with particular amphasis on the area of
high-repetition-rate systems, as these are taking on ever increasing
significance.

Walt Willis, Bob Butcher, and Bill Nunnally will cover the areas
within thi: course on "Power Conditioning Systems" (PCS) with which they
have had considerable experience. Jim Sarjeant will handle the course
integration and the discussions of the component technology-base (for
example, the present status of power conditioning systems and thyratron
switching in general). As we progress, it will be arranged for several
experienced individual to come in and discuss special topics. Some
such suggested topics are grounding and shielding, safety, acceleraiors,
and £ beams. Ken Prestwich will discuss E-beam accelerators, and Gerry
Rohwein will present detailed information on pulse tranrsformers and
high-voltage insulation. Tom Boyd and Don Swenson will discuss
accelerator systems with us, nating in particular current PCS needs
arising from --esent accelerator research.
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The text on which the course is based is Pulse Generators by Glasoe

and Lebacgz, the World War Il radar modulator text, primarily concerned
with charging capacitors or pulse-forming networks (PFN), and then
discharging the energy stored therein at high repetition rates, either
directly or through a transformer into a load. The secondary load was
generally a magnetron. This text will serve as a reference base and
then technology dev.lopments over the subsequent 30 years will be molded
around it. Extensive use will be made of handout information to bring
the overall technology base up to date.

The field of "Power Conditioning" is fraught with differing
definitions as to what it means, as well as defining the branching
points within each area. For the purposes of this course, we will
define the concept of "Power (onditinning" as "the shaping of electrical
power from the conventional 60- to 400-Hz mains, into temporaily
well-defined pulses of <lectrical energy having reproducible vol*tage and
current time histories." (See Figure 1.) In this context there is no
specific mention of the repetition rate at which these pulses of energy
are depusited into whatever the load may be. Normally, such systems are
divided into single-shot (several times per hour or day) and
repetitively pulsed (1 Hz upwa-ds), primarily depending uoon load
requirements. A "Power Conditioning System" (PCS) can then be defined
as "an energy transfer system that stores energy, either mechanically or
electrically, and then discharges A determined fraction of this as
electrical energy into the load." There are two main types of energy
storage techniques:

1. Mechanical: The mechanical energy, W, is stored in rotary
motion of machinery, such as a flywheel dc source device or a
pulsed compensated alternator:



INTRODUCTION T0
POWER CONDITIONING SYSTEMS

DEFINITION:
AN ENERGY TRANSFER SYSTEM THAT STORES ENERGY, EITHER MECHANICALLY OR
ELECTRICALLY, AND THEN DISCHARGES A DETERMINED FRACTION OF THIS AS
ELECTRICAL ENERGY INTC THE LOAD.

MEcHANICAL
ENERGY, WR, IS STORED IN ROTARY MOTION OF MACHINERY.
R 270
ELECTRIcAL
CNERGY IS STORED IN ELECTROSTATIC OR MAGNETIC FIELDS.
ELECTROSTATIC: .
_ 1 : E.G. FOR CAPACITOR 1 2 t
We =7 | D.E ov OF CAPACITANCE c: W =2 CV T
0
volume
MAGNETIC: ] E.G. FOR INDUCTOR 12
My =7z [ B-H ov OF INDUCTANCE L: Wy =7 LI" «/ VXYY g
volume : I

FIG. 1
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2. Electrical: The energy is stored in electrostatic or magnetic

fields:

Electrestatic: Wy = % S D °E dv For example, for a capacitor,
v Wy = 5 CV2

Magnetic: W= % S B " Hdv For an inductor, as an example,
v W= gL

m

These two classes of PCS, mechanical and electrical, are
schematically illustrated in the block diagram in Fig. 2. Mechanical
energy PCS of both types A and B are being actively pursued at the Naval
Research Laborator; (NRL) and the University of Texas at Austin, the
lattar under Lawrence-Livermore Laboratory (LLL) support. It has heer
projected that these devices will be capable of transiarring ernaraies of
up to 100 megajoules per unit, in a time span of several hundred
microseconds for flashlamp pumpi g applicztions. It may b5e possihle to
extend the concept of a compensated pulsed alternator (type B ia Fig. 2)
to pulse-charging applications, up to 10-kHz repetition rates, for
charging times arcund 10 microseconds. If this is possible, thess
devices, following the normal time scale of high technology development,
may well make excellent second-generation (1985-1990) charging units for
fusion reactor drivers -- charging high-energv-density transmission
1ines, which couid then be discharged either in microseconds for lasar
drivers of the C02 type or in tens of nanoseconds for Electron Beam/
Light lon driven (EB/LI) or excimer (e.g., KrF) laser-driven fusion
systens. [t is far from clear that the leakage flux of these rather low
voltage alternators can be reduced to the level that will allow efficiant
operation in the required =10 microsecond time scale. This point is
currantly under study at the University of Texas.

The electrical PCS fall into two categories, differing primarily in
how the energy storage capacitors and/or transmission lines are charged.
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For purposes of illustraticn we shall discuss them with particular
reference to some of the piesent repetitive PCS work underway at both
LASL and Sandia. In the type II-A of Fig. ', a conventional dr power
supply feeds energy into the cnergy-storage unit through the charging
system. For single-shot systems, the latter may only be a string of
charging resistors (giving a 50% energy-charging efficiency;, while for
repetitively pulsed applications, the unit is usually an industive type
of resonant charge network to ensure near-unity energy trarnsfer |
efficiency. These inductive charging systems, with several
high-regulation variations, are currently under development at LACL for
Tasar isotooe separation (LIS) applications, pulsed medical accelerators,
the free-electron laser, and also are under study for use in the very
Targe PCS required for high-reliability fusi~on laser systems. In
addition tc the above, pulse-charging transformers form a third charging
technique used primarily where high-voltage gains and efficiencies are
required. The development of larye-scale air-core puise-charging
transformer techniques was picneered at Sandia for high-voltage gain,
fast charging (0.1 to 1 microsecond) and triggerinyg 2pplications. They
have develuped an extensive expertise in these air-cored transformers,
which are complementary tc the iron-cored units under research and
development at LASL. These compact ircn-cored transformers, designed
with very high coupling coefficients and transfer efficiencies, have the
potential of being vital components in future high-efficiency,
cost-effective multikilohertz lasers as well as in numerous related
applications, such as research accelercters.

The energy storage device required for high-reliability, long-lifa
systems will 1ikely remain capacitors for smme considerable period of
time until other technologies become sufficiently mature to displace thern
in a cost-effactive way. At LASL, research and development is underwav
on capacitor < -uctures directed towards satisfying the very long
lifetime requirements 1in LIS, laser fusion, accelerators, and nuclear
particle diagnostic systems. These erforts have clearly identified the
need for a considerable technology base development and effective
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laboratory-industry technology transfer in this area, which may soor. rake
on considerable strategic significance. It has been recognized, through
a number of LASL programs, that the future systems evolving from the
research described above will demand component perfarmance levels vastly
beyond those obtainable from our current technology base. For this
reason, the research emphasis is being placed upon the two weakest arcas
in PCS, name'y, capacitors and switches for 1ifetimes n the region of
1010 to 1012 hots, as needed in the mature versions of all the above
systems. In this field of high-repetition rate capacitor development
there has been exceedingly sparse data available in the area of long
lifetime systems except for small radar modulator mica capacitors
developed for the F-111 (>> 1011 shot life) and polysulfone/poly-
propylene-silicone oil capacitors (>10 0 shot life) specifica]iy Create
for driving industrial 602 TEA lasers. The results of the work to date
here have shown that the present research and development approach to
developing very long lifetime capacitor systems can be appliec to PCS
requirements for full-scale fusion laser driver applications.

"n the area of switching, several ‘aboratories are working on
complementary parallel efforts. At this time it appears that the first
feasibilit, demonstration fusion reactor systems, nperating in the 1- %o
10-Hz region can be cost effectively switched utilizing spark gaps under
development at Sandta and at LASL. At Sandia, components are currently
being tested in the 30-kW range and will soon be into the » 1uU0-kW
test-stand confiqurations. These are all Marx Bank devices and the
Sandia faciiity will yield valuable scaling and lifetime data. Studies
at LASL have shown that it is highly probable tnat alternative PCS
configurations can be develcped, utiiizing extensions nf adiabatic
Blumiein techniques to coritinuous operation in the 10- to 30-Hz region as
noted above, but yielding an MTBF of 3 to 5 years in contrast to months
to a year (=107 shots) for spark gap system,. For second generaticn
fusion drivers nf the future, further development of switch and capacitor
technology from the base currently being established through precent
programs is necessarv to achieve industr.al reliahbility levelc for these
systems,
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The repetitive switching techniques undergoing research and
development at LASL primarily utilize thyratron technology, because
programmatic needs demand long lifetime operation in all of the
high-repetition-rate systems, (although some systems can function with
spark gap switches to meet near-term objectives). Through LASL contract
support, the demonstration of current pulse switching rates comparabie to
many single-channel spark gaps has been azcomplished this year at a leve)
in excess of 10 2A/s. Scaling these new thyruitron structures to
exceedingly large power levels has been carefully studied by both EG&G
and LASL staff. It has been concluded that sufficiently large devices
could be developed to allow a full-scale C]Z fusion laser driver or
EB/LI pulse-charging unit to be switched with only a few thyratrons [ itwo
to six depending upon voitage needs), each passing multimegawattis of
average power. It is to be noted that these thyratrons represent a
cirect scaling from megawatt devices produced through the ERADCOM prcgram
and the ultrafast tutes teing developed tTor the LASL LIS program and show
the significant offshoolL benefits of both technology-tase dzvelopment
programs.

As noted above for thyratrons, military tube developments are
underway to meet adiabatic applications from 50 to 120-Hz repetition
rates, for 60 to 30 seconds on-tine, long off-times, 2 a limited number
of total cycles (a few hundred). Thus, all ccmponents -=- thyratrons,
capacitors, charging systems, and power supplies =-- need to be
lightwéight and of limited 1ife. These conditons are diametricaily
opposed to the long-life needs of all long-life, industr-igl systers as
well as numerous other program needs as described above, and dramat:cal’ly
illustrate tha need for a research and technology base deve looment
program to create systems meeting these ccnditions that are so at
variance with the military requirements.

In part [1-B of Fig 1, the power supply/charging system fs shown s
one hlock, connected directly to the mains. This type of configurition
was chosen to fllustrate charaing systems utilizing high-trequency
inverters and polyphasae cyclofnverters, which directly charqe the
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capacitor banks in times somewhat shorter than the pulse repetition
period. In the area of large-scale inverter technology, this is
primarily at the research level (Gilmour, University of Buffalo).
Cycloinverters are weil established in the power industry (AC-DC and vice
versa) and they may have application to single-shot systems. In nost
cases, their cost is so h ~h th.. it is unclear just where they could be
effectively deployed.

A Power (onditioning System (PCS), then, stores electrical or
mechanical energy and, on command, deposits a predetermined amount of
" this energy into a loid (either a resistor, an inductor, or a more
complex load system). As we saw above, storage can be efther electrical
or mechanical and efther all or a portion of the energy can be discharged
into the load. This includes, for example, rotating machinery, pulsed
aiternators, and the l1ike as storage elements. In the mechanical sense,
we're thinking of rotational enerqy, storc: in rotary motion, In the
electrical case above, therc are two classes: (1) storing the energy as
electrostatic erergy in the dielectric of the medium and (2) in a
magnetic case, where the magnetic energy is stored in the magnetic fields
inside on the indu:tor. This discussion does rnot take into account
time-varying capacitance or time-varying inductance. These relations
above (Fig. 1) apply, then, to geometrically invariant systems, not
varying in spatial dimensions or position with time. Otherwise, the C or
L cannot be maved from under ire integral sign. If one is dealing with
nonlinear cases or time-varying C and L, {' is necessary %to return to the
complete formulation of Maxwell's equations.

Let us expand somewhat .upon several facets of the above pulse power
systems. In mechanic?) systems, mechanical energy is often stored in a
rotating machine and then discharged through a switch “hat couples the
storage component to a load. A pulsed mechanical energy discharger,
being developed at the !niversity o’ Texuas (Austin) is called a
compulsator. It is esscutially a magnetic-flux compressor. When the
flux 1s compressed to a maximum amount, a burst of enerqgy fs emitted int>
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the load. The real advantage of this system is the enormous amount of
energy that can be stored. At NRL, several megajoules have been
routinely stored in a rotary machine. Mechanical stress analysis
indicates that stcrage of up to several hundred megajoules in a
superconducting rotary motion machine, or 100 megajoules in a straight
mechanical wheel. is possible. "The present difficulty with this system
is the repetition rate for a fixed ener~ per pulse: they are extremely
slow fd recharge, with bursts once every second to once every two
minutes.

As discussed in the Introduction above, electrical systems are of
two major types: firstly (1I-A), the PCS can have an AC or DC power
supply (AC is relatively rare), connected to a charging system that
charges the energy storage device (capacitor, inductor, or transmission
1ine) until the assigned stored energy is reached. At that time the
autput switch is turned on and the energy is dumped into the load. (Fig.
2) Yhe second electrical cace (1l-B) is the hiqh-frequency inverter
power supply. It charges the energy system in a few milliseconds,
permitting very high rep rates. Some other types of systems in this
class are the constant-current DC supplies that use series vacuum tubes,
and command charging systems that use a series tube in the output cr a
thyratron turned tull on to inftiate the start c¢f *he (resonant) charge
cycle. The system then charges the energy storage system in a very short
period of time, the series tube turns or is turned off, and the output
switch then closes, transferring the stored energy into the load.

If the energy storage device is charged rapidly, the prohability orf
switch prefire is reduced, 15 it is proportional to the time the swit:h
is at full voltage. When it is necessary to stress the switch to the
maxtmum voltage, charying must take place very auickly (to decrease this
prefire probability). Corona formation times are on the order of 1-1)
microseconds. If the system {s charged in times of that magnitude the
prababitity of the switch itself having a significant internal corona
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current, which gives you a small electron density and thus a prefire, is
quite small. The other advantage of pulse charging is that the
dielectric strength of the energy storage medium is increased
significantly (up to 2 factor of four higher for the same lifetime 1in a
rep-rate system). The device can then be made several times smaller for
the same lifetime, appreciably reducing the system inductance. This has
considerable advantage for airborne devices, portable devices, or systems
where extremely low- internal impedance on the o~der of a few tenths of an
ohm is reguired.

Each system has its own problem areas and performance limitations.
When the switch closes, all the stored enerqy, if there isn't perfect
enersy transfer, is not dissipated in the load. Then, when the switch
tries to open acain, at the zero of voitage, the small voltage
perturbations from the energy stored in residual irductance anc stray
capacitar-2 of the system gereraie very high frequency transients in the
system discharge loop and in the energy storage system. These transients
must be dampened, otherwise the switch will generally reclose and fault
the system power supply. This is the main reason why the early
high-rep-rate TEA lasers were so very difficult to operate at rep rates
above a kilohertz. There was enough energy stored in the loop
inductances and stray capacitances in the system so that, whenever the
switch started to open, there was sufficient inverse voltage applied to
the thyratron switch (25 kv or s0) to imediately fault 1t. It then
acted as 1ts own spark gap, tripping off the power supply. These
transients can cause significant internal damage to triode thyratrons.
Tetrode tubes are far more immune. Spark gaps, on the other hand, if
they turn on again, stay on, and fault the power supply suffering no
permanent dcmage  Ignitrons will also tolerate such treatment if they
have proper annde and "keep-alive" auxiliary electrode materials and will
then withstand significant current reversals. The ignitror aux’ sry
electrode is pulsed with a very large trigger pulse and a relatively high
enerqy is dumped into this auxiliary electrode (which keeps the pool
ionized during the revarsal) neriod) so the mnercury pool becomes the anode
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instead of the cathode. The only disadvantage is that high rep-rates
cause a tendency for the reverse arc to track along the surface of the
anode insulator, destroying the tube hold-off capability and reducing
1ifetime.

2.  CHARACTERISTICS OF PULSE SHAPES.

In generating a voltage pulse, there are a number of parameters that are
important in engineering, such as the peak value of the voltage and of
the current through the load. These and other pulse shape parameters are
summarized in Fig. 3, and their determining factors, described ir greater
detail below, are shown in Fig. 4. One area of considerable interest is
the rate of rise of the voltage pulse on the load T the second area

is the rate of fall of the voltace, called Te The required

smoothness of the top of the volitage pulse is determined by the load
characteristics. In the case of magnetrons, klystrcns, and similar
systems, this particular fluctuation of voltage and subsequent
fluctuation in current causes a tendency toward frequency pulling 1n the
device, and results in a time-varying RF spectrum from the syctem.

Now, rates of rise can be defined in a number of ways. For these
discussions, 1t will be defined as the time it takes the voltage to rise
from 10% to 90%, rather thar the e-folding time (i.e., the time it takes
the pulse at an amplitude level of 1l/e of its peak to fully fold back
upon itself to zero initial amplitude). The same applies to the fall
time, When the output switch 5 turned on, the voltage rate of rise is
determined not only by the properties of the PCS, but a’'so by those cf
the load. In the case of a magnetron or laser, until the voltage rises
to 50-60% of the peak value, the load is almost an open circuit. The
slope of this voltage :urve at the beginning can then caotermine how the
current begins to rise through the system and this can havz several
forms, depending upon the stray capacitances in the system and the load
impedance., For a magnetron or laser, when the thyratron is firc, turned
on, the PCS discharges into an equivalent shunt capacity across the laser
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electrodes nr magnetron, in series with rome equivalent series
inductance; ihis forms a series-r~esonant circuit with some damping in the
equivalent inductance, allowing the output voltage to ring up rather
quickly to vatues well in excess of the storage element charging voltage
(overshoot}. In fact, significant overvoltages can thus occur in these
types of systems, which is often of a considerable advantage in the
actual operation of a laser system but generally causes additional
insulation prohiems.

The faliiing characteristics of the pulse really depend upon the way
in which che impecance of the 1.ad varies with time. The discussion up
t: this point has generally assumed that there was a well-defined
resistive impacance acting as the load for the PCS., As the voltage
starts to decrease, for example, in the case of a magnetron, a point is
reached at some voltage where suddenly the magnetron ceases to draw any
current and tha lcud in the equivalent circuit for the PCS then becomes
‘the shunt st,ay capacitance in series with the loop inductance, L. This
resonant circu.. has an energy cf 1/2 L12 stored in this L at the
moment of current decay that can th2n give rise .o significant voltage
ringing across the load. [t is the damping of this ringing that 1s cne
of the most awkward problems in very high rep-rate PCS design.

The pulse duration, *, fer our applications will be defined as the
duration of the pulse at th» 90% of prak-pulse amplitude. Note that
there 1s a 7 for the cur.en”. and for the voltage pulse, whick are often
significantly d.fferant.

The variouc parameters that can br used to describe power
conditicning sv,tems can now Le summarized. The fundamental parameters
for the voltage and current pulses were previously discussed, e.g., the
risetime and alsn the rate of rise o7 voltage (of interest in the
formation of glow discharges in lasers and in *he initial turn-on
conditions for k'yutrons and magnetrons) and arn unique to each
particular applicatian. In the rase of magnetrons, for example, the
T, has to be slower than a aritical value or a prodlem ¢alled "mode
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hopping" (a shift from one rf frequency to another during the *ime the
current is building up) arises.

The second area of interest is spiking. Spikes are a major problem,
even for relatively well-defined loads, such as the magnetrons and
klystrons, as well as for laser systems, because these can,give rise to
arcing in the system when the voltage stresses are too high. If, too,
the current oscillations are excessively large, they can cause the
discharge in some laser loads to effectively quench as the current goas
Jown through zero. This produces a system in:which the switch will try
to rrclose and will no longer be operating in the proper mode, generaily
causing the switch ur laser to arc and fault the system.

The pulse flatness is of primary consideration in applications
recuiring accurate voltage pulses for criving loads 1ike Pockel's Cells
and other electro-optic light modulators. On the cther hand, this
flatness isn't terribly important in many laser devices, which - rerally
tend to behave as constant-voltage loads, smoothing cut these peaks. As
long 31s the energy is deposited into the resistive phase of the discharje
in these systems (where the impedance 1s roughly constant), there's
generally little advantage in efficiency for the applied voltage and
current to have perfectly flat pulse shapes, provided the applied voltage
is sufficiently above the threshold for efficient excitation lasar
kinetics. This\has been a point of some considerable discussion and
analytica) work in the case of the CO2 lasers in the course of the last
few years. Work at LASL has shown that for an E-beam laser system with 2
very carefully controlled rectangular voltage and current pulse shape
from the PCS into it, for which the gain is measured in the mecium, this
qain starts to grow up to some peak value above which deactivation
procesces begin to dominate. In contrast, take, then, the area under
the power curve, which is some energy'w deposited in tha gas up to the
gain peak and then uwposit the same energy in the came time, but without
a sophisticated, complicated network. Rather, what one us2s is an
inductor and a series capacitor; $0 then the energy is deposited in
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something like a sin2 wtr fashion, and measurement and calculation

show that almost the same peak gain is obtained as for the carefully
shaped flat pulse case. It's a very interesting observation for laser
systems. As long as the energy is deposited into a constant-resistance
system (glow-discharge) and the applied voltage is above some critical
value,in general, it appears that one doesn't have to be very
sophisticated about the pulse shape. This applies to systems primarily
where electron attachment and recombination are the dominant mode in
which the electron density decreases during this portion of the pulse.

In the case of some of the ultraviolet laser systems, that argument isn't
quite valid. This explains why you can get away with so much in driving
most Taser devices, in terns of pulse shape, and still have a relatively
high efficiency. Whereas, in contrast, magnetrons and klystrons are very
nulse-shape dependent for erficienzy, particularly for very large pulsed
klystrons.

There are three derived parameters in pulse shape characteristics.
Ore is the duty factor, the ratio of the duration of the pulse to the
interperiod spacing. This is usually written as DF in most of the
texts. If you multiply that by 100, this gives the percentage of time
during which a system is actively discharying energy. The duty factor
can be used to calculate the average power, which 1is basically the duty
factor times the peak power through the load per pulse, PPK' A
comment: that does not necessarily mean that that the total energy
discharged into the lcad per pulse is useful energy. It says that there
is some type of time history cf the power flowing into the load and now
all the enerqgy that was stored in the energy storade device has been
removed from the latter. The charactaristic cf the lcad device {laser,
majnetron, or whatever) may be such that the input enerjy, beyond some
point, alters the lnad characteristics and all this energy that is the
flowing later on into the sysitem (i.e,, beyond this point in time; is
Tost, sd far as efficiency is concerned. This is a significant
difference ‘rom the PCS requirements of yasterday. In the 1950s cne had
well-definad loads, such as magnetrons and there were few efficiency
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problems. The model of a magnetron in this case was a resistor in series
with a reverse-biased diode, which worked out quite accurately and
afficiencies for these systems were often greater than 70%. Today,
energy transfers in lasers are typically 20 to 50%. (That's the ratio of
the energy stored in the PCS to the useful energy delivered into the
load.) This fact can often be cause for considerable concern. This
energy that is being delivered into the load that is useful energy and is
producing either photons or RF power or the other output characteristics
desired is often much less than the a2nergy that is stored 1n the energy
storage device of the PCS. Normally, this ratio is desired to be one.
For a number of new systems of considerable interest today, it's much
less than one. Therefore, the overall system efficiency that was
formerly around 80% has decreased to 20-35%. When one considers devicas
where it is desired to put in hundreds of kilowatts of useable average
powar, this means that the total input power must be on the order ¢¢
megawatts. Another reason this point is becoming important is that a
number of the load interface considerations in previous systems now
change because there is a great deal of resistive power {Joule heating,
to dissipate in the load. One must transfer that thermal energy to
sumewhere else. This means either wasting energy in heating the gas
laser or 1oad medium or wasting it in the load device generating, say, RF
radiation, giving rise to a very sevare thermal load problem. I[f, for '
example, 70% is lost energy, at a megawatt of average power flowing into
the system, there is, then, 70C kW of undesired power in the load, which
must be disposed of. It's not usaful. Such thermal loading can cause
significant prnblems.

The peak pulse power, Ppk‘ is the product of the vnltage and the
current at the point at which Ppk has a maximum value. Mor:
sophisticated definitions can be generated because of load characteristic
shifts, but the convention suggested is that we look at Ppk. at tie
voltege peak, then we look at Ppk at the current peak, and define the
peak power to be the larqer number of the two.
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The energy wL ijs delivered into the load over the pulse duration,
but it may not be the same as the total energy d livered into the load,
W. That difference significantly affects, ther, .he efficiency of the
overall system.

The Pulse Repetition Frequency (PRF, or sometimes Pulse Repetition
Rate - PRR) is a perfectly good parameter to use in systems that are
repetitive at a given frequency (i.e., there is a constant period of time
from one pulse to the next, say 100 pulses per second). There are some
difficulties when one considers, for example, modulators or nulsers with
pulse rep-rate agility. These are normally hard-tube (vacuum tube)
switched systems, where, upon commands into them a series of output
pulses is gene~ated at this certain externally defined interpulse .
spacing, which can be varving all the time; as well, the pulse width of
the pulses can be varving all the time according to some pra23isposed
computer program. In that particular case, the concept of PRF doesr't
apoly.

fhe main problem in all of these powzr conditioning systems is the
one of interpulse recovery .o ine predischarge quiescent statz, [f there
is some nost-discharge energy left in the PCS, oscillations cen arise in
~ the discharge loop, and switches stay on that shou®.::'t and components
ofen subsequently become overstressed. What is desired is to iecharge
the energy storage elements after all switches are fully recovered.

The load hei' 3 reproducible on every pulse means that *the systam
outpul pulse shapes are perfectly reproduceable on every pulse. For
2xanple, the impedanc: with time might have a specific shane, but in
engdinearing a system to work a% even 3 single shot, you assume that this
does not vary from pulse to pulse. The next pul:se that comes alona,
then, varies the same way with time, providing that everything is charaged
to the same vollaage,

Conmen* in high-rep-rate ;ystems, particularly lisers and scme ?F
tubas, this is not the case. A residual dearee of ionization is left
inside the system so the impedance profile per pulse may experience 1
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different time history until equilibrium is reached. That is an
important problem in very high rep-rate systems. In small, high-rep-rate
‘magnetrons, or in klystrons, this does happen, but to a lesser dec :e.

In that particular case this is primarily a result cf the space-charge
saturation limitation in the cathode region. As you come up to cathoce
operating temperatures from start-up, there's a small shift of the
available charge per pulse available from the cathode. The time-history
of impedance, then, changes slightly. It is meaningful to emphasize this
point because, in a number of the systems under consideration now, this
will become a significant factor in PCS design for high-efficiency of
energy transfer. In CO2 TEA lasers operating at multikiloheriz
rep-rates, this particular impedance pulse shape is primarily determinad
by a combination of gas heating combined with the effects of residua’l,
interpulse, ionization left in the system. Then it is necessary to
choose which is the most efficient load profile in time to match into for
max imum output energy for the specific experiment under consideration.

[f a very long orerating time is not required, one <zould choose the
start-up load imr dJance, but .. long runs are needed at maximum
efficiency it w' | be necessary to utiiize a pulse-forming network tha*
will maximize the energy transfer into the system at the equilibrium
impedance level.

These, then, are some of the different types of loads often founc
connected to PCS.. A summary of their characteristics is presented in
Fig. 5. Pure resistive, capacitive, and inductive loads are relatively
straightforward to handle. The diode magnetron, on the other hand, has
ah equivalent circuit of a reversed biasec diode that turns on at sime
standard voltage. When it turns on, then the voltage-curve is aimos:
flat with time. The dynamic impedance is quite low, basically like that
of a glow-discharge, constant-voltage device,

In a magnetron the dynamic (slope) impedance is about a tenth the
static value at the operating point. In the case of lasers, there is
generally a comhinaticn of this load behavior, with a time-varving
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component 1in the impedance. F1ig. 5 shows a rough sketch of what the
impedance with time looks like for an attachment-dominatad excimer laser
svstem (e.g., KrF*, XeCl*, or Xef*). Evidently, the impedance decreases
dramatically with time, but if one could put most of the energy into the
system at times when the field intensity is sufficiently high for
efficient pumping, then the laser system would work well and with high
efficiency. Unfortunately, when this is attempted, a point is reached
later in pumping time where the system arcs internally. This is normally
caused by a thermally-induced instability. In terms of load classes, one
of the most difficult, then, is the attachment-cdominated laser discharge,
which also happens to be rathar interesting as an optical radiatioq
source. In the copper vapor laser, for example, the impedance-with-time
curve {s somewhat shallower and alte-s dramatically as the rep-rate is
increased. (The copper vapor laser is a longitudinal, abnormal glow
agischarge excited with ring electrodes, one at each end of a caramic
tube.) Closing the switch in the PCS generatas a voltage pulse that
Initiates a discherge, dumping the energy stored in a relatively smal’
capacitor into the discharge tube at a rep-rate of up to 25 kHz. By
keeping the energy per pulse sufficiently small it is possible to obtain
a uniform, longitudinal discharge. Unfortunately, ac the rep-rate is
increased even farther, thermal instabiiities and kinetic effects
constrict the discharge, raising the current, and increasing the drop in
impedance with time, reducing the system efficiency.

The fourth class 1s formed by time-varying loads. Dispersive loads
changa the!r permeabllity or dielectric constants with time, as enargy is
deposited intou them. An example is a shock-exzited farrite transmission
Tine (e.g., a coaxial transmission Yine with the center conductor cover !
by a ferrite material.) DOriving the line could he a capacitor with i
switch connected to the line input. Closing the switch starts enerqgy
flowing down the 1ine saturating the ferrite and steepening the rising
edge of the voltage pulse as the wave front progresses down the iina, As
the farrite saturates, 3 sharp2ning of the pulse ts found. The
sharp2ning 1s caused by the expenditure of anerqgy in satyrating the
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ferrite. Once the ferrite 1s saturated, the permeability is one and,
since the dielectric constant is rather Tow (12-15), the balance of the
foreshortened pulse travels down a much higher impedance 1ine. For more
details of this, Martin Maley wrote a report on the subject. In a sense,
such systems can be represented by lumped-element transmission lines,
where the L and the C per unit length are time varying. This is a
nonlinear problem and can be numerically solved with iterative solutions
to Maxwell's equations. There is no analytical solution to the pi :lem.
With these systems, it has been fairly straightforward to generate pulses
of 5-10 kV with risetimes of 1-2 ns. With more optimal ferrite
materials, one may be able to reach 100 to 200 ps risetimes.
Unfortunately, there are serious reflection probliems in these systems,
making the generation of very accurate pulses a difficult and empirical
decign matter. This is very good technique for generating a very sharp
pulse at the end of a coaxial cabla.

Arother type of load is the "sparx discharge" used as a radiation
source for short wave-length UV spectiroscopy. Basically, the spark
discharge is a point opticel source and it is excited by a switch
discharging a charged, single-wire transmissinon line into the spark
lcad. As the line capacitance is discharged, a wave 1is launched along
this line (of about 150 ohms impedance) providing the prompt energy for
" the spark discharge durinn the two-way transit time of the line. The
spark {s not a linear load with time and benaves similarly to the excimer
laser lcads discussed above., The difference in this case 1s that the
arcing point is at the spark turn-on and it {s this arc that provides the
optical radiition source. The last area is high-pressure discharge
lamps, CW or nrulse for driving qlass lasers and UV process curing lamps,
Hg discharge Yamps and other such systems, and these ire operated in the
alow (cw) or abnormal qlow (pulsed) mode, ail as optical radtation
sources.
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Ignitrons are a much maligned switch, generally ideal four crowbar
applications. There are modest rep-rate applications (< 100 Hz) at low
energies requiring an inexpensive switch that can handle substantial
current reversal. This is a good application for ignitrons. One problam
with them is the rather sophisticated trigger generators needed for
reliable triggering. Normally, about a joule per pulse must be dumped
into the igniter, basically through a constant-current source, causing
some heating problems at high rep-rates.

The internal PCS impedance selected depends primarily upon three
parameters: the load impedance time history, the peak power level {and
concomitant useful energy), and, thirdly, the prictical considerations in
selecting available circuit elements. Capacitors for low rep-ratas ars
readily available. For high rep rates (> lkHz), low-inductance,
high-energy, long-life capacitors are not yet here. For fast discharijas
(=80 ns) capacitors generally behave as transmission lines. The
liquid-impregnated, fnsulating-film capacitor is made of sections of
naper, plastic film, and foil wrapped up with connections on efther end.
At the self-resonant frequency this is a parallel-plate transmissirn lina

with a surge impedance of a fractinn of an ohm. Discharging this
capacitor into a short circuit, the limiting transmision line discharqe
time for almost all such capacitors becomes =1.) ns. The only way to
make faster discharge capacitors fs to develop capacitcr geometries or
new types of energy storage devices with shorter internal discharge
times. Single-shot assemblies with discharqge times of 40-50 ns have baen
developed, but are presently unsuitable for high-repetitior-rate
operation,
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"here are two categories of power conditioning systems, as shown in

-
—a-

(o]
.
(O}

1. Ones in which a small amount of energy 1is dumped from tne storage
device into the load. These are generally hard-tuhe power
conditioning systems, series vacuum tube switches, crowbar storage
devices, and mechanical power conditioning systems, 1ike the
compulsator. The advantage of these devices is that they uenerally
utilize an analog switch element, so you can, if desired, mcdulate
the energy flow into fixed and time-varying load impedances as a
function of time. Note that the X-ray flux from the high vacuum
systems at the 30 kV level and above can be quite considerable.

2. The second :lass is one in which all the stored energy is
transferred into the load every pulse. These are line-type power
conditioning systems, 3lumlein generators, Marx banks, etc.

Normally, a swi*-h is closed during discharge and opened during the
recharge time (Fig. 7). DOuring the recharge period, a closed switch
would then short the charging system., The required characteristics of
that switch then depend on whether all the stored encigy 1s dumped into
the lcad in each pulse. If one needs to transfer all the energy out of
the storage system, at a constant output voltage for a pradetermined
period of time, a transmission line or a pulse-forming network needs to
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be emp1ox$d as the energy-storage device. Since the recharge time is
almost always much longer than the discharge time, the discussion of the
discharge part can be separated from that ot the charging circuit. This
approximation 1s not verv good, however, for systems such as the copper
vapor laser with its 25-30 kHz operation -- the discharge time is a
fraction of a micrusecond and the recharge time is a microsecond or so.
On that time frame, there are many other problems, particularly keeping
the switch turned off during the recharge. '

4. PC CONDITIONING SYSTEMS: HARD-TUBE AND LINE-TYPES

Hard-tube power conditioning systems are still alive and well. They
are very useful in relatively small, low-voltaz. (<200 kV) systems, I[n
a hard-tube PCS (Fig. 3), a large energy-storage capacitor is charged
from a DC supply through ar 1solating element. The capacitor s
connected to the load by a switch. If the switch is closed, energy is
discharged into the load, and *the isolating elament serves to pravent the
OC supply from discharging into the discharging circuit loop as well.
The switch, however, opens *0 see almost the full potential of the DC
power supply, since, for gsood voltage regulation, anly a small portinn of
the stored energy is discharged into the load on 2ach pulse. The switch
generally then needs to ve a high-vacuum tube or a vacuum interrupter.
Hard-tube power conditioning systems are commonly used today in the
region of a few kilovolts at subnanosecond risatimes. They have a great
advantage in terms of pulse-width agility and rep-rate control. At high
rep-rates they are very useful and the drive rogquirements are not

Y

severe. The real advantages; of the hard-tube PCH are the varianle

3

width and the hi_i PRF capavilities at modest efficiencies. L wyge
hard-‘ube power conditioning systems (1000 A at 200 \V) exist. At these
high valtages, the switching time fs rather long and the cost can be vary
hiqh {ndeed. They cannot qenerally be replaced with thyratrons,
fgnitrons, or spark gaps in these applications. On the other hand, thay
have limited di/dt capahbility because the vacuum tubes have 1 saturatron
ragistance of a fow hundred ohms, and that resistance Vimits the charaing
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rate of whatever stray capacitances there are acrnss the load. Their
efficiency is nowhere near that of the line-type pulser (see Fig. 9).

Line-type pulsers are quite different (Fig. 10). The energy is
stored in a continuou§ or lumped-element transmission line, sometimes
called an artificial transmission line in the lumped-element case. Since
this is the energy-storage element during the pulse discharge as well as
the pulse shaper, the general designation of "Puise-rorming Network," or
PFN, was coined by someone during WWII.

There are two main classes of line-type pulsers: voltage fed 2and
current fad. In the case of the voltage-fed pulser, the energy, we'
stared in the total capacitance of the transmission line or PFN (wn =
1/2 CVZ, where C is the total RFN capacitance and V is the charge )
voltage). In the case of current-fed systems, a current is placed intd
the pulse-forming network and at the peak current value, 1/2 Ligk of
enargy fs stored in the system. On the charging side is a closed saries
switch that can be opened at that pnint. As soon as the switch op2ns it

must withstand the full discharge voltage.

is

There are two general classes of voltage-fed line-type PCS (Fig.
11). The first is a continuous transmission line that is charged from a
voltage source. It has a switch at one end, and, when the line is
charged to voltaye V, the switch is closed, dischargi~. the energy storad
in the transmission 1ine into the load. If the lnad impedance equals the
1ine impedance then V = 1/2 V. Gn the right side of Fig. 1l is
skatched a time history of a typical charge and discharge rycl2., The
ener;y storage system is charged to the voltage YV aith a charging
netwyork. At the peak voltage, V, the switch is closed and pulse of
energy flows out of the system and into the load. The pulse length is
twice the one-way transit-time value of the continuous transmission line
and 111 tha stored enerqgy is transfer.ed to the load. That's for 2
matched system,



CHARACTERISTICS OF
HARD TUBE POWER CONDITIOMING SYSTEMS

ADVANTAGES:
- VERY HIGH PRF AS WELL AS APERIODIC OPERATION POSSIBLE.

= PULSE TAILORING.

- RAPID FAULT CLEARING,

D1SADVANTAGES: |
" - LIMITED DI/DT CAPABILITY BECAUSE OF RATHER HIGH TUBE-ON RESISTANCES
(=1012),
- COST GENERALLY VERY HIGH COMPARED TO oTHER PCS.

FIG. 9

1€



LINE TYPE POWER CONDITIONING SYSTEMS

THE ENERGY IS STORED IN A CONTINUOUS OR LUMPED ELEMENT (1.E., “ARTIFICIAL")
TRANSMISSION LINE,

= SINCE THIS SERVES AS THE ENERGY STORAGE ELEMENT DURING THE DISCHARGE
PULSE AS WELL AS THE PULSE SHAPING ELEMENT, THE GENERAL DESIGMATION IS:

“PuLse Forming NETWORK” orR “PFN”
CLasses ofF Line TYPE SYSTEMs

THERE ARE TWO CLASSES:

VoLTAGE FED CURRENT FED
1,2 1 (2
- 1 = = -\ =
He = 7 CV M, = 7 LI
- CLOSING SWITCH USED - OPENING SWITCH USZD

Fic. 10

43



VOLTAGE FED LINE TYPE POWER CONDITIONING SYSTEMS

Iyees W o=3CVe
e
Transmission Line Switch
Vo o ad ' WHERE C 1S TOTAL LINE CAPACITANCE
5 J AND V IS THE PEAK CHARGE VOLTASE.
! switch
loses
Lunped £lement v _~ Vi ; €
Transmission Line o Load i
“PEN" 0 ' v —+
|
{
[\
v, -
HOTES: t —»
1. PFN coNSISTS OF A NUMBER OF CAPACITORS, C, AND INDUCTORS, L, AS LUMPED
CIRCUIT ELEMENTS: ,_!“Y“Y"\tIT{"Y“Y“LJZJ"Y“Y“L_
TYPE E PFN: _
. . T 1 -
2.  VALUES AND NUMBER OF ELEMENTS IN PFN DEPEND UPON THE:
A) DESIRED PULSE SHAPE
B) (LOAD IMPEDANCE
C} COMPONENT AVAILABILITY
1. - \
3. ‘HEN ZLOAD = ZPFN(LR ZLlNE) THERE IS MAXIMUM ENERGY TRANSFER AND EFFICIENCY,

ASSUMING A "PERFECT” SWITCH IS USED. OTHERWISE SOME ENERGY IS LEFT IN THE
PFN AT THE END OF THE DISCHARGE TIME OF THE PFN CAUSING PROBLEM3 IF THE
MISSMATCH IS SEVERE; E.G., SWITCH RECOVERY, FAULTING, L.OAD ARCS.

X3

FI6, 11
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The second-class of 'ine-type PCS uses a pulse-forming network
comprised of a number of Tumped elements of inductances and capacitors
and a type E network is shown for illustration in Fig. 11. The designer
chooses, basically, the L and C for the given load impedance and a numbar
of sections in the line depending on the pulse fidelity required. With
only one section, an L-C discharge network is formed. As more sections
are added, the second begins to discharge into the load concurrently with
the first section and a more réctanguIar pulse is formed in the load.
~i1th five or six sections, good pulse fidelities with ripples of about
£.5% are possible. Coupling between the inductances is possible and some
PFNs, such as the Type E, are buiit that way. In this case, the
cifferent sections communicate in the flow of enerjy. Some classes of
time-varying .0ads can be accommodatad by the addition of addit- -na!
coupling inductors between elements of the lines. These inductors 2re
cenerally saturating inductors with ferrite cores. Years ago, there was
some work done in far infrared laser driver systems using that particular
~ode uf operation. Such a direct electron pumped far-infrared laser
waintains high conversion efficiency as long as the voltage across the
1cser lnad exceeds a critical value., To keep the electron temperature
high, elements were chosen depending upon the laser impedance time
history and component availability to pressrve a rectarqular vc.:age
pulse shape.

It is intended that we will spend a significant amount of time
discussing the currant state-of-the-art in components, as they represent
the major limiting factors in the technolngy hase of 2CS, marticuiariy at
high repetition rates and long lifetimes.
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The second-class of line-type PCS uses a pulse-forming network
comprised of a number of Tumped elements of inductances and capacitors
and a type E network is shown for illustra*ion in Fig. 11. The designer
chooses, basically, the L and C for the given load impedance and a number
of sections in the 1ine cdepending on the pulse fidelity required. With
only one section, an L-C discharge network is formed. As more sections
are added, the second begins to discharge into the load concurrently with
the first section and a more rectangular pulse is formed in the load.
With five or six sections, good pulse fidelities with ripples of about
4-5% are possible. Coupling between the inductances is possible and some
PFNs, such as the Type E, are built that way. In this case, the
different sections communicate in the flow of energy. Some classes of
time-varying loads can be accommodated by the addition of addit® 'nal
coupling inductors between elements of the lines. These inductors are
generally saturating inductors with ferrite cores. VYears 2ago, there was
some work done in far infrared laser driver systems using that particular
mode of operation. Such a direct electron pumned far-infrared laser
maintains high conversion efficiency as long as the voltage across ‘the
laser load exceeds a critical value. To keep the electron temperature
high, elements were chosen depending upon the laser impedance time
history and component availability to preserve a rectangular voi:iage
pulse shape.

[t {s intended that we will spend a significant amount of time
discussing the current state-of-the-art in components, as they represent
the major limiting factors in the technology base of PCS, particularly at
high repetiticn rates and lang lifetimes.
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Current-fed power conditioning systems will see considerable use in
the future as improved opening switches become available. In a
current-fed PCS, 1n contrast to a voltage-fed pulser, the switch closes
to allow current to flow through the battery (VDC) to the energy
storage (Fig. 12). When the peak current is reached the switch opens and
a negative pulse is generated across the load. The switch then
experiences a very large voltage across it. Many current-fed power
conditioning systems in small modulators are formed with relatively fast
switching transistors, and they can be used to generate relatively
high-voltage pulses with modest charging voltages. An inductor can be
put in series with a transistor with a transmission line or capacitor
across it. When the tranmsistor is turned off the enerqgy stored in :he
fnductor collapses and generates a voltage spike, which is useful for
voltage multiplication. There are some very useful circuits in
Electronics Design for voltage multiplying using this technique.

The pulse length, then, is forced to be determined by the
characteristics of the energy-storage device. Either a capacitor or a
current-fed transmission line can be used. The latter has been studind
extensively by a student of Tom Burkes' over at Texas Tech. Provided
that the switch technology can be impreoved, this particular approach may
be of some value in the 10-50 kV region. At peak current, the switch is
opened and conservation of energy aives a voltage across the load
impedance equal to the peak charge current times the load impedance over
2. But, again, a major problem {s switch recovery. "There is another
problem, in that when analysis of this sort of circuit s Jone, it is
assumed that the switch is an fdeal swit:h. [In fact, what fs ry~ma'ly

used in this type of circuit is either 1 fast transistor, 3 sawios



CURRENT FED POHER COANDITIONING SYSTEMS

CHARGING CiRCUIT DISCHARGING CIRCUIT

~.

STORAGE

]

' — USWITCH T;
— ,/” chg
T

LOAD

HoTEs:

D

2)

3)

THE CURRENT BUILDS UP IN THE INDUCTANCE OF THE ENERGY STORAGE ELEMENT

{TRANSHISSION LINE, PrN, OR “XANSFORMER).

AT THE PEAK CURRENT, THE SWITCH IS OPENED AND A HKIGH VCLTAGE, VL’ APPEARS

ACROSS THE LOAD.

vV, =

MIN
r~

THE SWITCH MUST RECOVFR VERY QUICKLY TO HOLD OFF THE PEAK LOAD VOLTAGE,

FIG. 12

" 1¢hg[PEAK VALUE] : FOR MATCHED IMPEDANCES
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high-vacuum tube, or a vacuum interrupter. The equivalent resistance of
the device increases as the current through 1t increases; in some cases,
a nonlinear increase is found, increasing the charging losses. One nather
type of switch technique is to use a forced-commutation thyratron switch
or a vacuum current interrupter. An auxiliary circuit can be placed
across the switch, then discharged through the switch at the point of
peak charging current so that the switch carries no net current and the
switch then rapidly recovers. This is a method of turning off a switch
that normally only recovers at 2ero current,

5. [MPEDANCE MATCHING

Matching the load impedance to the pulse-forming-retwork impedance
is done primarily to obtain maximum power transfar (Fig, 13). The
disadvantage, nof course, 1s that only half the charging voltage is
obtained. If the pulse-forming network 1is charged to 100 kV, only a
50-xV pulse is generated with typical efficiencies of 80-90%. The other
point is that {f the load and PFN impedances are not equal, reflec:ions
between the load and the PFN occur at the end of the discharge period of
the PFN. If the load impedance is lower than the PFN impedance, a
current reflection follows and the current flow continues on for a long,
long time in an oscillatory manner. If the load impedance is larger than
the PFN impedance, the 10ad voltage, VL 1s V/2 for the discharge time,
T, and, depending upon the reflection coef“icient (related to tha ratio
between the load impedance and the PFN impedance), a number of stens in
the voltage pulse as a funct’on of time can occur. Each step ‘s =<

L

e Y

o

seconds long. This points out one of the problems whan .
impedance 1{s much higher than the PFN impedance, namely that thera's;
current flowing through the switch for a relatively long period of time,
[t's a unidirectional current, hut takes a lonq time to die away. In
such a case, switches such as spark gaps can revert from an arc tc a qlow
and stay lit like a light bulb with milliamps of current through then,
The actual power put into the switch can, operating undar theso
conditions, ve very significant. This {s 3 strong arqument for trying



IHPEDANCE MATCHING OF POWER COWDITIONING SYSTEMS TO THEIR LOADS

il[EARLY MATCHED IMPEDANCES ARE REQUIREL FOR

A) MAXIMUM EFFICIENCY

B) PULSE SHAPE FiDELITY

c) MINIMUM POST-DISCHARGE VOLTAGE STRESSES ON SWITCH AND PFN.

[r Z =7 (t) THEN THERE ARE PROBLEMS IN OBTAINING HIGH EFFICIENCIES.

IMPEDANCE INCREASES ARE OFTEN HANDLED BY PULSE TRANSFORMERS. ‘

- PRESENCE OF MANY 5 0KM COAXIAL CABLES TENDED TO MAKE THIS IMPEDANCE
AN OFTEN-USED ONE FOR THE PFN,

FOR VOLTAGE-FED NETWORKS, THE VOLT*"F, UNDER MATCHED CONDITIONS, DECAYS TO

ZERO AT THE END OF' THE PULSE.

= VERY GOOD SWITCH IS ONE THAT RECOVERS AT ZERO CURRENT AND NEAR ZERO VOLTAGE.
E.G., SPARK GAP, IGN!TRON, THYRATRCN, SCR.

- THE RECCVERY CHARACTERISTICS OF THIS SWITCi{ ALSO DETERMINE ALMOST
EXCLUSIVELY THE NATURE OF THE INTERFACE TO THE CHARGING SYSTEM,

FIG. 13

BE
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match or slightly undermatch (Z, < ZPFN) the load to the PFN
impedance.

If the load impedance is !ess than the pulse-forming-network
impedance, the post-discharge voltage pulse oscillates about zero. Then,
the unidirectional switch turns off at the first voltage zero. A problem
occurs if the load happens to short, generating a very large voltage
reflection, ‘an exce3ding the switch-recovery voltage, thus causing it
to fault unless a voltage-limiting network immediately shunts the energy
away from the switch. A second class of problem arises when the load
impedance {s variable with time, A time-virying loac impedance can meve
the operating point from a matched regime tc unmatched as the time
incr :ses. This fis particu1ariy true in the case of lasers. It is also
true in some high-current density discharge lamps. So, matching isn't
really then practical: depositing the maximum amount of energy intd th2
system in the relevant time frame is the most efficient apprcach. In
terms of designing for this regime of operation, it is far easier because
of the voltage reversal across the switch, in the latter case. This fis
in contrast to the case I > I,;, where a small unidirectional
current is flowing through the switch for a very long period of tima.

The switch starts trying to recover 1in the zero current and zero voltage
regime and any small oscillations in the pulse-charging system will tend
to {nhibit this recovery. If the switch detects any appreciable positive
voltage near the zero of current, it will not recover, faulting on and
dumping the high-voltage power supply during recharge. This regime of
operation was formerly referred to as "positive mismatch." It was a
favorite of many of the WWII radar moculator cesicrers and fs totally
unnecessary today wi:th the availability of mode=n inverse-voltage-contr)!
networks and considerably increased thyratron inverse-voltage ratings (up
to =20 kV).

There were a number of applications, in the mid 19505, wher.
relatively high voltages in the region of 100 kV or 200 kV were necdec at
tens Lo hundreds of amps peak for driving larae Xlystrons. (Klystrons
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needed physical jength to accelerate the electrons vs the avatlable
electrical stress that the system permitted (electrical stress inside the
system).) At that time, mcst switch tubes (thyratrons, ignitrons) were
limited to 20-30 kV. The vc tage thus had to be increased with a pulse
transformer. The transformer technology for 1-5 microsecond pulse
lengths is relatively well-established if the risetimes are on the order
of fractions of a microsecond. Whea sub-hundred-nanosecond risetimes at
significant average power levels are required, efficient design becomes
very difficult. (kith a sacrifice in efficiency, 20-30 ns risetimes are
possible, but these are very sophisticated transformers with poor eneragy
transfer (about 20-30%).) Few transformers are known that can hardle
significant energies at such risetimes: one ic a special version of a
transformer developed by Gerry Rohwein at Sandia. It is a very low
leakage tape-wound air-core transfcrmer. The other .as proposed by RCA
to drive a very large load and to produce a quarter of a megavolt with an
extremely fast risetime, at an average power of 30 megawatts. The
primaries and secondaries were relitively thin copper foil and water
flowed through the copper foil, which was edge graded to prevent
significant corona. The intention was to discharge 300 individual PCS
into the primary of that transformer.

Pulse tFansformers were used so much in modulator design because
they were straightforward to design at the 50-ohm primary impedance
level. Fifty ohms was chosen, so the story gnes, beciause there was
50-ohm cable. This cable existed hecause it was determined in the 1940s
that working at the 50-ohm level qave you the highest available straess in
the cable system along with minimal dispersion, and the cable was als>
easy to make,

Cables normally have rubber, polyethylene, or air-gap dielectrics,
For most PCS applications, air-gap dielectrics are not practical. In the
cise of rubher dialectric cables, there ar2 serious heating problems in
short-pulse-langth, high-repetition-rate applications. Rubber is not 1
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good high-frequency insulator as 1t has considerable loss. In terms of
nhysical flexibility and mechanicai lifetime rubber is still the best
choice for general-purpose applications, with a design lifetime of many
years at a modest PRF. Polyethylene cable, on the cther hand, is rather
m~re fragile. It tends to have microbubbles filled with easily ionized
water vapor in it. [f these bubbles are undisturbed, they causa no
damage. [ the bubbles zrack they propagate and intarnal treeing and
shorts devalop.

In the case of the matched load, maximum energy transfer and
efficiencies are possible, given a perfect switrh (Fig. 13). However,
very few switches are anywhere near perfect. An imperfect switch chanaas
a linear circuit to a time-varying one. Spark gaps initfaily turn-on 2s
high-value resisto?s. but the resistance decreases dramatically with
time, and, as an arc column then forms, it expands or contracts with the
wurrent and acts then as an inductor. A switch, then, can be a nqp1inear
element in the PCS. For short-discharge time, low-inductance systems,
switch-1imited pulse lengths are on the order of 20-100 ns for
single-chennel devices (thyratrons, spark gaps, etc.). The switches then
become limiting components of the system. The alternate approach is i:
use a multi-channel spa k gap or the very large-discharge area thyrafrons
currently under development.

[f the switch isn't perfect and even if the 'mnad impedance 1s
matched to the generator impedance, some energy is left over at the end
of the discharge pulse, and this can cause oscillations in the systenm and
give rise to switch-racovery nrcblems., [n other words, when you thina
you have zero current through the swift-h you o“tan n't,

6. CHARGING SYSTEMS FOR PULIE-FORMING NETWORKS

In the charging ~ystem, the swit<h is open during the charging
period and the charging time is muth lonqer than the discharae time (Fi,
14), This is a general assumption applicable to most OCS,  when the



CHARGING SYSTEMS

CHARGING CIRCYIT DISCHARGING CiRCUIT
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SINCE:
1. SWITCH IS AN OPEN CIRCUIT DURING CHARGING OF THE PFN OR TRANSMISSION LINE
2.  THE CHARGING TIME IS MUCH LONGER THAN THE DISCHARGE TIME
THEN:
THE CHARGING SYSTEM CAN BE TREATED AS PLACING CHARGE ONTO THE LINE/PFN
TOTAIL TERMINAL-TO-TERMINAL CAPACITANCE, C.
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switch 1s open, a charge, q, is placed on the transmission line, charging
up the total line capacitance, C to voltage Y. There are now a number of
choices fcr isolating elements. For a resistive-isolating element,
generally used in single shot PCS, the energy-transfer efficiency is
alwavs 50% or Tess. In the case of an inductive isola*ing element of
inductance L, the capacitor:and inductor form a resonant circuit, and, at
the point of zero current through the charging loop, the charge voltage
is equal to twice th: DC voltage on the battery. The time for this tc
occur is ﬂJEE , and the energy-transfer efficiency is very close to

100%. Most of the losses are resistive losses in the charging inductor
and they can be made relatively small, with wall-plug efficiencies of
70-80% possible in the PZS. If the period is chosen to be equal to the
above time, this is called the resonant charging configuratizn, in which
the discharg2 switch is turned on exactly at the zero-charging-current
point. To work at other repetitinon rates, one may insert a blocking or
char3ing diode in the charging loop. Once the voltage has come up to
ZVDC‘ the current goes to zero, the voltage across the inductor
collaps2s, the diode is reverse tiased, and the ZVDC remains on the °FN
to be discharged at will at any rop rate up to (TVTE)'I. [f this
rep-rate is exceeded, there will be some DC current flowing through that
choke at all times; that causes heating problems in choke design. As
well, the-e is a net DC current through the discharge loop at all times
and the rate at which the voltage {s reappliad to the switch and
transmission 1ina is quite a bit faster than in the resonant case.

Switch recovery problems then emerge. Operaling at these rep-rates iv
called 1inear charqing. This had some advantages in early modulator
design, but is not very useful today.

Constant current or power charging systems use a high-frequency
inverter (usually a push-pull type) with a rectifier bridge (Fig. 15).
The DC current, fed through an isolating inductor, charqges the
pulse-farming network and a closed-loop feedback systam is vsed to
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OTHER CHARGING SYSTEMS

LoNSTANT CURRENT OR PouER
NTILIZES HIGH FREGULENCY INVERTER/RECTIFIER WITH CLOSED LOOP FEEDBACK:
- LEVELS UP 19 1 KJ/SEC CAN BE BOUSGHT

- CAN ALSO USE A SERIES REGULATING SATURABLE REACTOR IN THE TRANSFORMER
PRIMARY OF A NORMAL DC SUPPLY.

CoMMAND CHARGING

- USES A SERIES SWITCH, EITHER VACUUM TUBE, IGNITRON, OR THYRATRON, TO
CONNECT A RESONANT CHARGING NETWORK TO THE DC SUPPLY RESERVOIR CAPACITOR.

- ALLOWS MAIN PCS SWITCH TO FULLY RECOVER BEFGRE CHARGING VOLTAGE IS
APPLIED.

AC_Resonaut CHARGING
- SAT[SFACTORY IF PRF IS LESS THAN TWICE THE AC FREQUENCY.
- TROUBLESOME FAULT MODES AND LITTLE PRF AGILITY LIMIT APPLICABILITY.,

- LOWEST COST CHARGING SYSTEM AS ONLY A TRANSFORMER AND POSSIBLY SOME
DICDES ARE REQUIRED,

FI6, 15
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control the frequency of tre inverter. Frequency regulaticn thus
provides very accurate charging currents, and essentially very accurate
voltages ca the PFN. Charging units up to the order of a kilojoule per
second can be bought as commercial units. They're small devices, but
expensive.
-

Alternatively, in constant-current charging systems, a magnatic
requlator can be used in series with the primary of the power supply
transformer. For single-shot work this was often used in some of the
charging networks for fusion PCS. The current is controlled through the
primary, charging the capacitor bank through an isolating network, and
the bank final voltage can be held to a very accurate level. Th2 othar
real advantage to this system is that, when it is first turned on, ths
pezk current through the system is rather low. The equivalent circuit is
then a magnetic regulator in series with the high-voltage transformer,
feeding a solid-state diode and a saries resistor that connerts the powar
to the capacitor bank, With the magnetic rewulator in the prinmdary, a
high sarias impedance at turn-on is obtained, much larger than the
reflected load impedanca2, so the current flow is very small, The
secondary charging current and voltage can be used to control the
regulator. Magnetic re§u1ators have a number of advantages in protecting
the compcnents and form an unusually rugged charging system,

Ccminand charging, on the other hand, us2s a series switch in series
with the battary or DC supply filter capacitor and the PFN. The switzh
is closed on command and the PFN is charged up through some other
fsolating device -- usually series a rescnant network, In thait casa,

charging is completed to 2V the sorigs switch onens, and than the

)
PFIv is discharged through tgg Toad using the main shunt dischargo
twitch.  The real advantage of pulse charging is that the PFN discharae
seitch is allowed to fully recover and then the voltana is reapnlin! %o
it and the pulse-forming network, This moans thal the PEN discharan
switch will experience an ancrnegs dacreasae in its Faudt raty as the

high-voltage on-tina is reduced.  The problem with pulse charsing is
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normally that it requires a floating deck series switch, with a large
number of items placed at high voltage.

The last type of charging is AC resonant charging. Removing the
diode and adding some extra inductance in a normal povier supply (if
desired) gives an LC res~nant circuit with the PFN capacitance, C. The
voltage on the PFN rings up cnd then it is di;charged into the load. The
disadvantage is that one must work only at this resonant frequency. If
lower frequencies ire attampted, the fault modes are simply horrendous.
This technique was, however, used in several fixed-PRF WWII spark-gap
pulsers. Some quite large modulators were built that had no exp:icit
resonant cherging network., They used a three-phase AC supply with
adaquate leakage #nductance in the high-voltage transformer and charged
thrae PFlis, using three switches to discharge them all intc one load.
The systam for fixad-frequency operation can then be very compact.

Fig. 16 is a compariscn between the hard-tube and the lire-type
PCS. The range in wall-plug efficiencies that the hard-tube systems werk
in is 10-15%, cometimes 20%. The first generation cf line-tvpe power
conditioning svetems ran at 50-60% efficiancy: A lot of peower was loot
in dissigation in the pulce-forming network components and in the spars
n3p switches, and even in the thyratron switches, Today, a typical
fiqure for a complate line-type PCS is an ovarall wall-plug efficinn-y in
excess of 80%.  The hard-tuse PCS have incraazed their afficivi oy to
about 207 because they then usct Lhroo-phaise or tweive-phase recbidioey
with tubes roquiring significant heatar power,  In addition, sevies
high-vazuum switch tybes of somawhat higher efficinoncros are available
tzday. The roal advantage of the hard-tuba PCS is ite pulae shape and
ron-eate control,  For varying load=impadancas gne can annarals g
wrllacenterailed pulse shpe fFrem oy hard-tule PCO0 Currantly, for smalld

SY5tms running arogund the 10 to B0 ol dmpetange ranga, the rigotima iy



HIGH VOLTAGE/PULSE POWER COURSE NOTES

Characteristics

FIG. 16

Hard-tube PCS
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COMPARISON OF THE CLASSES OF REPETITIVE PUWER CONDITIONING SYSTEMS

Line-type PCS

tfficiency

Puis= shape

[mpedance-matching

Interpuise interval
voitaane supply
Change of pulse duration

Time Jitter

Circuit complexity

Lower; more power lost in tube
heating, and in dissipation in
the switch tube.

Better rectangular pulses. Shape
control by input pulse in analog
fashion.

Wide range of mismatch permissible.

May be very short; as for coding
beacons (i.e., =1 nsec).

High-voltage supply usually nec-
essary =V|.

Determined directly by input
pulse shapes.

Negligible time jitter (~1 ns).

Greater, leading to greater dif-

ficulty in servicing and high cost.

High, >B0%, particularly when the
pulse-power output is high.

Poorer rectanguiar pulses, particularly
through pulse t. ansformer.

Small range of misma*ch permissible
(=20-30%). Pulse trarsformer will

match any load, but power input to non-
linear load cannot be varied over a
wide range.

Must be several times the deionizaticn
time of discharge tube (i.e., 2-30G upsec}.

Lower-voltage supply, particularly with
resonant charging. .

Requires high-voltage switching to a now
network.

High-power line-type pulsers with a
hydrogen thyratron give a time jitter
of <2 ns.

Less, permitting smaller size and weight.
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<1l ns, increasing tr around 20 ns risetime in large systems. There are
scalability limitations in the hard-tube PCS dictated by component
availability for high average power systems.

SUMMARY

Pulse risetimes and the flatness characteristics suffered
significantly as a result of long resistive phase turn-ons of early
switch tubes. What can be achieved to date in sub-ohm impedance circuits
are current risetimes of 20 ns at current rates of rise, circuit-.imited,
in excess of 1.2 MA/microsecond with new thyratrons under development.
Five hundred kA/microsecond thyratron switch tubes are now available,

Ora can now consider designing a number of line-type power conditioning
svstems for long-life operation at kilohertz rep rates that previcusly
were thought of as impractical. The equivalent inductancze of the switco
thyratrons has concurrently been reduced by a factor of 20.

In the case of impedance matching one can modulate the equivalent
resistance of hard-tube modulators in an analog fashion, so ii iy
possible to accommodate very large impedance mismatches and cime-varying
load.. This was the reason for the first large-scale efforts to drive
high-rep-rate CO2 systems with hard-tube PCS. (They can operate at
Maqahartz rep-rates.) In this way the decreasing discharge fmpedance
witn time could bn accommodated. The mismatch range of 20-20% {s one
over which the efficiency of the system doesn't vary a lot., Going hevond
that, for PFN type D9CS, all of the additional stored enerqy must he
Aispognd of o' awhere {f it {s nnt dopn “tad inty the 1cad fn 3 time
equal %o one discharge time ot the pulse forming network, [t ig doa-red
to deposit as much of that ererqgy as possible in the discharqge time of
the PFN.

Typical recovery times today for small tetrode thyratron devices are
onn ar two microsecands.  The wall-desiaqn triode thyvratrons that you can

huy cornon'y now have 3 much  oname racovery time,  Thay also suffar
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recovery-time degradation with age because of their internal
construction. It takes a long t- for the plasma from the cathode to
lose communication with the anode. Today, one can go down to a
microsecond recovery time in modest sized thyratrons discharging
millicculombs/pulse.

In terms of high-power spark gaps, recovery times are hundreds of
microseconds and haven't changed. I[f one wishes very fast recovery in
spark gqaps it is possible to go to a device that adopts some internal
guenching mechanism to get rid of the residual ionizatinn., An example is
the work done on Hydrogen guench gaps, which are essentially a pair of
electrodes separated by a number of fine meshes. In discharges through
the device at a modest pressure of Hydrogen, the presence of the mesh
cools the ionized gas in gap very quickly, enhances recombination aroun”
each mesh causing little globs of isolated plasma to form., These gaps
can then work at a hundred <ilohertz rep-rate or above, discharging a faw
hundred picofarads capacitance per pulse. However, because all the
current is passing through the screens it's difficult to flow high
average powers through the device.

This covers the introduction to pulse power systems, with an
orientation toward higher rep-rate devices.
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QUESTION: What dissipating mechanism were you using in the first class
of loads in Fig. 5?

ANSWER: None. One can obtain a relatively high Q (>100) in circuits
where the charactaristic frequencies dre on the order of a few

megahertz. Normally, if just one discharge cycle is needed and the
stored energy requirements are not too large (=100 J), nonlinear thyrites
or metal oxide varistors are very effective shunt elements for damping.
The alternative choice that works well for inductors is to crowbar the
voltage across the inductor with either a thyrdtron or a spark gap so
that as the discharge current starts to reverse through it, the balance
of the stored energy is then bypassed into a resistive dump. There is
often a problem in timing the crowbar initiation,

Question: Will the course notes be avaijlable?

A report with all the diagrams from this course will be out by next
Christmas. t will include a considerable bibliography and an expansion
of many of the areas from the course. Later, a set of notes, in book
form, may become avajlable with a lot of detail {r some of the specfaltly
areas that, of time necessity, are briefly discussed in class.
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